In the literature, channel estimation and synchronization (CE/SY) algorithms are classified as blind, and hence spectrally efficient, if they do not require pilot symbols. However, we show in this letter that such classification is not accurate and can be misleading. Consequently, this letter presents a more reliable and accurate approach to evaluate the spectral efficiency of communications systems with various CE/SY algorithms. The proposed approach allows fair spectral efficiency comparison between various systems with blind or non-blind CE/SY algorithms. In particular, we evaluate the spectral efficiency of                                   type constrain do not necessarily improve the spectral efficiency as compared to pilot-based techniques. Consequently, such techniques are classified as conditionally blind, to distinguish them from fully blind techniques.
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II. SYSTEM AND CHANNEL MODELS

A. OFDM System and Channel models
In OFDM systems, a sequence of complex data symbols is used to modulate orthogonal subcarriers during the th OFDM block . However, data symbols, denoted as pilots, do not actually carry information because they are known at the receiver side. The data symbols , including the pilots, are usually drawn uniformly from a quadrature amplitude modulation (QAM), phase shift keying (PSK) or amplitude shift keying (ASK) constellation. The sequence of data and pilot symbols is modulated using an -point inverse discrete Fourier transform (IDFT) process that produces the sequence . Thus (1) where is the normalized DFT matrix. Then, the cyclic prefix (CP) is created by copying the last samples of the IDFT output and appending them at the beginning of the symbol to be transmitted. Therefore, the transmitted OFDM block consists of samples. The useful part of the OFDM symbol does not include the prefix samples and has a duration of seconds.
At the receiver front-end, the received signal is applied to a matched filter and is then sampled at a periods . Assuming that the channel is fixed within one OFDM symbol, dropping the CP samples, and applying the DFT to the received sequence gives,
where denotes the channel frequency response during the th OFDM block diag , , , and , , , denotes the additive system noise, which is modeled as a white Gaussian process with zero mean and variance .
To maximize the efficiency of OFDM-based communication systems, the modulation types/orders of the information symbols in are chosen based on the channel matrix [31] , which is assumed to be known at the transmitter side via a feedback channel, and the instantaneous SNR,
However, to minimize the signaling over the feedback channel, and to exploit the time/frequency correlation of the channel, the channel information is grouped into blocks, each of which has subcarriers in frequency domain and subcarriers in time domain, which forms one resource block of size . Therefore, all 
B. Spectral Efficiency of OFDM Systems
Generally speaking, the spectral efficiency of OFDM based systems is usually computed as the ratio of the number of data-bearing subcarriers to the total number of subcarriers, and thus (4) However, such definition is valid only when all subcarriers in both systems are modulated using the same modulation type and order. In practice, different subcarriers can be modulated using different modulation schemes and orders. Therefore, the relative spectral efficiency between two OFDM-based systems should be computed as the ratio between the total number of information bits of the first system to those in the second system over one information (resource) block [5] . Therefore, we can define the relative spectral efficiency as,
where is the modulation order for given configuration , where and denote the modulation type and order sequence number, respectively, and denote the subcarrier index in frequency and time, respectively. The set is the set of all possible values of and for a particular system. For example, assume that a particular system supports three different modulation schemes with different modulation orders as depicted in Table I , and the time-frequency grid has and . Consequently, the modulation map will have the structure given in Table II . As it can be noted from the table, the four subcarriers in the corners of the table carry no information because , the remaining subcarriers in row-and row-are limited to MPSK, but with any order. The subcarriers in the first row can have any combination of , and the subcarriers in the second row are limited to ASK modulation with any value. .
. In practical systems, the map is specified at the initial stages of the system design, and then, the values of and are dynamically selected based on the system QoS requirements, the system resources, and the channel state information (CSI) [32] . Without loss of generality, consider the case where the values of and can be selected dynamically with the aim of maximizing the spectral efficiency of a particular system under bit error rate (BER), and modulation type/order constraints. Therefore, the problem can be formulated as (6) subject to:
where (7a) is used to guarantee that the system uses only the allowed modulation types and orders, and (7b) is used to guarantee that the average BER is less than a prescribed threshold ,
where is the instantaneous BER given , . In typical bit loading problems, is computed with the assumption of perfect CSI knowledge at the transmitter. In spectral efficiency analysis, the accuracy of the algorithm, SNR and spectral efficiency are correlated. For example, two blind CE algorithms with different accuracy would actually have different spectral efficiency.
III. NUMERICAL RESULTS
In this section, simulation results are presented to evaluate the average throughput per subcarrier and the relative spectral efficiency. The channel is assumed to be frequency-selective quasi-static with Rayleigh fading, where the channel remains fixed within one OFDM symbol, but changes randomly over consecutive symbols. The channel model considered in this work is the typical urban (Tux) multipath fading channel model [33] that consists of taps with normalized delays of , , , and average normalized taps' gains of , ,
The spectral efficiency for four different systems is considered, which are the fully blind (FB), CM, LTE and the modified LTE (M-LTE) [35] . The FB system is similar to LTE except that no pilots are used. The CM has no pilots, but the modulation is limited to MPSK. The M-LTE is similar LTE except that pilot symbols are replaced by unipolar -ary amplitude shift keying (MASK) and one of the subcarriers adjacent to pilot should have CM as well. Moreover, the modulation order can be set to one to satisfy the BER requirements. In all the considered systems, the appropriate modulation order is selected such that the average BER is less than . The modulation orders for all subcarriers are computed using the Incremental Allocation Algorithm proposed in [34] . The spectral efficiency of the FB system is considered as when is computed, because FB has the maximum spectral efficiency. be noted from the figure, the FB system outperforms all other systems since it does not require pilots, and it has no modulation-type constraint. Unlike what is usually assumed, the LTE outperforms CM systems for a wide rang of SNRs. Therefore, sacrificing a few subcarriers as pilots and selecting the modulation type for other subcarriers freely results in higher throughput as compared to the case where all subcarriers carry information, but have the CM constraint. The M-LTE throughput is equivalent to LTE at low SNRs, but it shows higher throughput at high SNRs.
The relative spectral efficiency of the CM, LTE and M-LTE systems is presented in Fig. 2 for BER thresholds , and . As it can be noted from the figure, the LTE system has a constant spectral efficiency of about , where the loss is caused by the pilots. Surprisingly, the figure shows that LTE outperforms the blind M-LTE and CM system for low to medium SNRs. The figure also shows that the spectral efficiency is depends on the SNR, because both parameters affect the selection of the modulation orders for the different systems. For example, in the range of low SNRs, we note that for the CM system is increasing as a function of the SNR, which is due to the fact that the majority of the FB system subcarriers at this range of SNRs are modulated mostly using , and , which is similar to the CM case. In the mid-rage SNRs, more subcarriers in the FB system will start to use 16-QAM, while the CM is mostly limited to , and hence decreases. Finally, at high SNRs, the FB will be mostly using -QAM, which is the maximum allowed modulation order, and hence of the CM will eventually approach of the FB system. Similar to the CM case, the LTE outperforms the M-LTE at low SNRs, however, the difference is negligible. At high SNRs, the M-LTE outperforms the LTE noticeably.
IV. CONCLUSIONS
In this letter, the concept of spectral efficiency of blind CE/SY techniques is revisited, where we proposed a new fair and reliable approach to compare the spectral efficiency of various blind and non-blind communications systems. The new approach considers the fact that different subcarriers in OFDM systems may be modulated using different modulation types and orders to satisfy QoS requirements. Moreover, the proposed approach considers the modulation type constraint on the overall system special efficiency. The obtained results showed that the modulation type constraint has a significant impact on the system spectral efficiency, which can make the spectral efficiency of pilot-based systems higher than that of the blind with modulation type constraint.
